Summary Two longitudinal transmitted waves, fast and slow waves, were observed by employing a new quantitative ultrasound (QUS) method. The trabecular bone measurements generated by this method reflect threedimensional structural information, and the new QUS parameters were able to identify vertebral fractures. Introduction The aims were to identify new quantitative ultrasound (QUS) parameters that based on new QUS method reflecting not only bone volume but also the microstructures of trabecular bone ex vivo and to observe how much they predict fracture risk in vivo. Methods Ex vivo measurement: Three human femoral heads were used for the experiment. Attenuation of the slow wave, attenuation of the fast wave, speed of the slow wave, speed of the fast wave (SOFW), bone mass density of trabecular bone, and elastic modulus of the trabecular bone (EMTb) of each specimen were obtained using a new QUS method and compared with three-dimensional structural parameters measured by micro-computed tomography. In vivo measurement: Eighty-nine volunteers were enrolled, and the bone status in the distal radius was measured using a new QUS method. These parameters were compared with data evaluated by peripheral quantitative computed tomography and dual X-ray absorptiometry. Results Ex vivo measurement: SOFW and EMTb showed correlations with the parameter of trabecular anisotropy. In vivo measurement: The new QUS parameters were able to identify vertebral fractures. Conclusion The newly developed QUS technique reflects the three-dimensional structure and is a promising method to evaluate fracture risk.
Introduction
With the rapid increase in the elderly population, osteoporosis and related fractures are major health and socioeconomic issues in many developed countries. Effective prevention programs for osteoporosis require quick, reliable diagnostic methods suitable for widespread use. Bone densitometry has been developed and become widely used for the evaluation of fracture risk; however, there has been considerable debate about the contribution of bone mineral density (BMD) in the evaluation of fracture risk. Seventy percent of bone strength can be attributed to BMD, and the remaining 30% is attributed to other important determinants [1] .
Quantitative ultrasound (QUS) parameters permit the analysis of some physical properties of bone tissue, which are important determinants of bone stiffness, load failure, and fracture risk by providing information other than bone mass alone [2] . Previous studies on QUS reported that the speed of sound (SOS) and broadband ultrasound attenuation (BUA) obtained by transverse transmission at the calcaneus indicated the risk of osteoporosis fracture [3] [4] [5] [6] [7] [8] , and SOS of the distal radial cortical bone represented the fracture risk independent of bone mineral density and age [9] . Bone microstructure has been attracting attention as a factor affecting QUS other than BMD. Previous studies reported that SOS and BUA were affected by the trabecular bone structure [10, 11] . Studies on bone strength and QUS reported a positive correlation between the SOS and elastic modulus of trabecular bone and differences in the correlation depending on the measurement orientation [12, 13] , but the principles or details of correlations have not been clarified.
Longitudinal waves transmitted in the trabecular bone have been handled as one type, but the presence of two types of longitudinal wave has recently been clarified, and their association with bone microstructures has been attracting attention. Biot proposed a general theory of acoustic wave propagation in a porous elastic solid saturated with a viscous fluid by considering a coupling between the solid and fluid [14] [15] [16] . In Biot's theory, it is predicted that two longitudinal waves exist, denoted by Biot as "waves of the first and second kind". The former is a rapid wave (fast wave) corresponding to the wave in the solid and fluid moving in phase, while the latter is of a slow speed (slow wave) corresponding to motion out of phase. Hosokawa and Otani showed that both fast and slow longitudinal waves propagate through trabecular bone, as predicted by Biot's theory, and also showed good agreement between experimentally observed and theoretically calculated propagation speeds for fast and slow waves [17, 18] . The propagation speeds and amplitudes of the fast and slow waves are significantly affected by the trabecular micro-and macro-structures and the trabecular orientation to the propagation direction [17] [18] [19] . Recently, an ultrasonic wave propagation phenomenon that focuses on fast and slow waves has been actively studied [19] [20] [21] [22] [23] [24] [25] [26] . Fast waves are considered to transmit mainly depending on trabecular bone. The measurement of fast waves, which have not been measured previously in vivo, is expected to provide more detailed information on the trabecular microstructures and bone strength. Otani et al. established a method to separately measure fast and slow waves using bovine trabecular bone [27] . Modified LD-100 (mLD-100) was developed for ex vivo measurement by modeling of the propagation path of the fast and slow waves [27] . Fast and slow waves were measured in the human femoral trabecular bone using mLD-100 [28] , in which new QUS parameters were correlated with BV/TV measured by micro-computed tomography (micro-CT), but their relation to the microstructure was not investigated. Furthermore, a novel ultrasonic bone densitometer, a prototype LD-100 (pLD-100), has been developed to calculate bone mass and elastic modulus of the trabecular bone at the distal radius in vivo. The pLD-100 also measures the thickness of soft tissue and cortical bone at the distal radius using echo waves, and then the trabecular bone mass was calculated, excluding the influence of the soft tissue and cortical bone by measuring transmitted waves (fast and slow waves) [27] . A strong correlation of values obtained by the pLD-100 with those by peripheral quantitative computed tomography (pQCT) was reported [29] ; however, the relation of these values to fracture risk has not been clarified.
The aims were to identify new QUS parameters that based on new QUS method reflecting not only bone volume but also the microstructures of trabecular bone ex vivo and to observe how much they predict fracture risk in vivo.
Materials and methods

Ex vivo measurement
Specimens
Three human femoral heads were obtained on hemiarthroplasty of the hip joint from patients with femoral neck fracture caused by minor trauma. (specimen No. 1: 80-yearold female; specimen no. 2: 74-year-old male; specimen no. 3: 79-year-old female. No patients exhibited diseases that affect bone metabolism.)
Femoral heads were sectioned at a 10-mm thickness by a diamond saw perpendicularly to the femoral neck axis at a maximum diameter. Three drill holes of a 2-mm diameter were made on the specimens as indicators of the coordinate on the specimen side (Fig. 1 ). Specimens were preserved at −20°C. They were thawed at 21°C and degassed at the time of ultrasonic measurement. After ultrasonic measurement, the specimens were preserved in 70% ethanol. The bone marrow of specimens was saved as fully as possible throughout the experiment.
Methods
Ultrasonic measurement
The mLD-100 was designed and developed to assess the BMD and elasticity of ex vivo specimens [28] . The mLD-100 utilizes the transducer-supporting and transducerscanning mechanisms to measure an ex vivo specimen in a water tank. A pair of focused ultrasonic transducers (a transmitter and receiver) was arranged in the water tank, and a specimen was set between the transmitter and receiver and at the focal point of the transmitter. Both transducers had a diameter of 20 mm with a concave active area and a focal length of 40 mm with a beam width of 1.5-2.0 mm at half-maximal amplitude for a single sinusoidal pulse [27] . The transmitter was driven by a single sinusoidal pulse voltage of 25 V peak-to-peak at a frequency of 1 MHz. The ultrasonic wave transmitted through water without a specimen is shown in Fig. 2a , being used as the reference signal, and the peak-to-peak amplitude, E 0 , was considered as the reference level.
The signals transmitted through a specimen were detected by the receiver, and the received signals were digitized at a sampling rate of 100 MHz for storage in the memory device. The stored received signals were automatically analyzed by a specially developed measurement algorithm for mLD-100 to obtain the peak-to-peak amplitudes of the fast wave, E f , and of the slow wave, E s , and the propagation speed of the fast wave. All specimens were measured at a water temperature of 23.1°C. Figure 2b shows the typical waveform of the signal transmitted through a specimen and the peak-to-peak amplitudes of E f and E s of the fast and slow waves, respectively. The transmitted ultrasonic signals were obtained and recorded at an interval of 1 mm over a scanned area of 30×30 mm 2 in both X and Y directions (measurement points, 961).
Attenuation of the slow wave (ASW; decibels), attenuation of the fast wave (AFW; decibels), speed of the slow wave (SOSW; millimeter per microsecond), and speed of the fast wave (SOFW; millimeter per microsecond) were EMTb (GPa) 9 .78 ± 1.75 15.9 ± 6.19 11.9 ± 2.81
Data are mean ± SD Fig. 1 Photographs, mean (±SD) values, of three-dimensional structural analysis and ultrasonic measurement of the three femoral head sections of each specimen analyzed and acquired in the mLD-100. The BMD of the trabecular bone (TbBMD; milligrams per cubic centimeter) was evaluated using these QUS values. The elastic modulus of the trabecular bone (EMTb; in gigapascal) was evaluated separately using the SOFW obtained by the mLD-100 and the local bone density of each measured point obtained by micro-CT [27, 28] .
Micro-CT
Specimens were scanned by micro-CT (MCT-12505MF; Hitachi Medico, Kashiwa, Japan) to acquire a threedimensional CT stack consisting of 30 consecutive slices at a spatial resolution of 0.206 mm. The following CT settings were used: slice thickness, 0.384 mm; pixel matrix, 256×256; pixel size, 0.206 mm; magnification, ×1.25. The height of measurement was decided accurately using the height adjustment function of the micro-CT under fluoroscopic imaging.
Three-dimensional structural data analysis
Raw volume data were transferred to a personal computer, and all parametric analyses were done using threedimensional structural analysis software (TRI/3D-BON; Ratoc System Engineering, Tokyo, Japan). The structural anisotropy of specimens was quantified using the mean intercept length (MIL) method [30] . Then, MIL data were fitted to an ellipsoid. The length of the long axis of the ellipsoid was denoted as MILa (millimeter). The angle between the long axis of the ellipsoid and ultrasonic beam axis was denoted as MILaθ (degrees). The bone volume fraction (BV/TV; percent), trabecular bone pattern factor (TBPf; 1/mm), trabecular thickness (Tb.Th; micrometer), trabecular bone number (Tb.N; 1/mm), structure model index (SMI), MILa (millimeters), and MILaθ (degree) were calculated. All structural parameters were calculated with the following setting: cube size, 3.096×3.096 mm (15×15 pixels); operation pitch, 1.032 mm (five pixels).
In vivo measurement
Subjects Eighty-nine volunteers, 20 to 79 years old (mean age, 53.6 years old), without any diseases and taking no medication that may affect bone metabolism were enrolled at the Tottori University Hospital. They consisted of 30 men (mean age, 51.6 years old) and 59 women (mean age, 54.6 years old); 38 were postmenopausal (mean age, 66.7 years old); and the mean age at menopause was 49.7 years old. After obtaining informed consent, all measurements were carried out.
Methods
Ultrasonic measurement
The bone status in the distal 5.5% portion of the radius of the left hand was measured using an ultrasonic bone densitometer, pLD-100 ( Fig. 3 ; OYO Electric, Kyoto, Japan.). The BMD of the trabecular bone (US-TbBMD; milligram per cubic centimeter) and elastic modulus of the trabecular bone (US-EMTb; gigapascal) were obtained. The pLD-100 is equipped with two ultrasonic transducers. In the transmission mode (on measurement of transmitted ultrasound through the measurement site (distal site of the radius)), one of the transducers was the ultrasonic transmitter and the other acted as a receiver. Both transducers were coaxially aligned and moved simultaneously for scanning. The amplitudes and propagation times of both the fast and slow waves were obtained in the transmission mode.
In the echo mode, both transducers were driven by a short pulse signal voltage and acted as transmitters. After the transmission of a pulse wave, both transducers were switched to act as receivers to receive echo signals from the acoustical boundaries. Echo signals were analyzed to obtain the thickness of soft tissue, cortical bone, and trabecular bone of the measurement site. A left distal radius was set between a pair of broadband-focused transducers through water-filled bags. For the measurement of transmitted ultrasound through the measurement site, one of the transducers was the ultrasonic transmitter, and the other acted as a receiver. Both transducers had a diameter of 20 mm with a concave active area and a focal point of 40 mm. The transmitter was driven by a single sinusoidal pulse voltage at a frequency of 1 MHz. The beam width at the focus was approximately 2 mm for a single sinusoidal pulse. Both transducers were coaxially and confocally aligned and moved simultaneously for scanning. The ultrasound beam scanned in a raster pattern through the measurement site using a two-axis scanning mechanism. The ultrasonic measurement involved two scans.
In the first scan, transmitted ultrasonic signals were taken and recorded at intervals of 2 mm over a scanning area in both X and Y directions (28×28 mm 2 ). The overall amplitude of transmitted signals, including both the fast and slow waves, was analyzed to obtain a local attenuation distribution of the measurement site. Measured attenuation levels were converted into color variations, and the local attenuation distribution was displayed as a two-dimensional image of the distal end of the forearm. This twodimensional image of the distal end of the forearm was used to confirm the bone geometry of the measurement site and to determine the position (distal 5.5% portion of the radius) for the second scan to measure the bone density and elasticity. The second scanning area (4×4 mm 2 ) was automatically selected by a specially developed measurement algorithm at the peripheral quantitative computed tomography site and also at a site with a good likelihood for fast and slow waves transmission in trabecular bone. The waveforms and amplitudes of both the fast and slow waves were analyzed automatically both for the time and frequency domains during the first scanning to select a perpendicular incidence site of the ultrasonic beam and to avoid interference waves overlapping with the transmitted signal.
During the second scan, the measurements were executed at intervals of 1 mm both in the transmission and echo modes. Transmitted signals were recorded (at intervals of 1 mm) and analyzed in the transmission mode to obtain the amplitudes and propagation times (time of flight) of both the fast and slow waves. Echo signals were analyzed in the echo mode to obtain the thicknesses of soft tissue, cortical bone, and trabecular bone of the measurement site.
The ultrasonic parameters used to derive the trabecular bone density are given in the literature [27, 29] and expressed for the slow wave as:
where E 0 is the received signal voltage without the measurement subject (propagation through only water); E 2 ′, received signal voltage for the slow wave; α 4 ′, attenuation constant of slow wave in trabecular bone; A, total attenuation excluding trabecular bone; B 0 , attenuation in water (without the measurement subject); x 4 , thickness of trabecular bone; and T 34 ′T 45 ′, the product of the transmission coefficients of both sides of trabecular bone for the slow wave. Then, the apparent density, ρ 4 , of trabecular bone was evaluated using Eq. 1. The propagation speed, c 4 , of the fast wave in trabecular bone is given by:
where t 4 is the propagation time in trabecular bone. x 4 and t 4 were obtained using measured signals during the second scan in both the transmission and echo modes. The elastic modulus for the longitudinal wave was evaluated using c 4 and as:
Peripheral quantitative computed tomography (pQCT)
The bone mass in the distal 5.5% portion of the radius of the left hand was measured using pQCT (XCT-960, Stratec Medizintechnik, GmbH, Pforzheim, Germany). The trabecular BMD (pQCT-TbBMD; milligrams per cubic centimeter) was obtained. The voxel size was 0.59×0.59×2.5 mm.
The bone contour was detected with a threshold value of 267 mg/cm 3 . When the contour was indistinct, a lower threshold value was used to maintain the bone morphology. After determining the entire bone contour, 55% of the voxels were concentrically peeled off, and the remaining area was defined as the trabecular bone area and the peeledoff area as the cortical and subcortical bone area. If any of Fig. 3 A photograph of the  pLD-100 the cortical or subcortical regions were included in the trabecular region, an additional peel off was performed, reducing the trabecular area until the unnecessary portion had been removed [31, 32] .
Dual-energy X-ray absorptiometry (DXA)
The bone mass of the distal radius of the left hand and lumbar spine was measured using dual-energy X-ray absorptiometry (DXA; QDR4500R, Hologic, Waltham, MA, USA). The BMD of the ultra distal radius (UD-BMD; milligrams per square centimeter) and BMD of the second to fourth lumbar spine (anteroposterior view; L-BMD; grams per square centimeter) were obtained.
Reproducibility
The reproducibility (percent coefficient of variation: %CV) of each parameter was obtained by three serial measurements performed within 7 days in four normal males.
The %CV was 2.8% for US-TbBMD, 1.5% for USEMTb, 1.3% for pQCT-TbBMD, 1.2% for UD-BMD, and 1.1% for L-BMD.
On measurement using the pLD-100, the %CV was also measured in four females aged 70 years or older with a T score of the lumbar BMD of −2.5 SD or lower (the mean BMD was 0.596 mg/cm 2 ). The %CV was 4.61% for USTbBMD and 1.62% for US-EMTb.
Vertebral fracture
Vertebral osteoporotic fractures were evaluated by a single examiner on lateral radiographs of the thoracic and lumbar spine using the semiquantitative method proposed by Genant et al. [33] . Vertebral fractures caused by highenergy trauma were excluded from the analysis.
Statistical analysis
All data are expressed as the mean±SD. A correlation analysis was conducted using Pearson's correlation coefficient. The areas under the curves (AUC) were calculated using receiver operating characteristics (ROC) analysis. Odds ratios for the risk variables such as age, body mass index (BMI), and QUS parameters were calculated using a multiple logistic regression model. Significant differences between two groups were calculated using Student's t test. The level of significance was p<0.05. Statistical analysis was performed using SPSS software (SPSS II for Windows Version 11.0.1J, SPSS Japan, Tokyo, Japan).
This study was approved by the local ethics research committee at the Faculty of Medicine, Tottori University, and performed in accordance with the Declaration of Helsinki.
Results
Ex vivo measurement
Three-dimensional structure parameters BV/TV was higher in the central region than periphery of the head (Fig. 4) .
There was a significant positive correlation between BV/ TV and Tb.Th and between BV/TV and Tb.N (0.91 and 0.51, respectively). There was a significant negative correlation between BV/TV and TBPf and between BV/ TV and SMI (r=−0.81 and −0.81, respectively). Only a weak correlation was observed between MILaθ and BV/TV (r=−0.27). The distribution of values for MILaθ was different from that of BV/TV (Fig. 4) . MILaθ showed weak correlations with TBPf, Tb.Th, Tb.N, SMI, and MILa Table 1 ).
In vivo measurement
Correlation analysis
For all enrolled subjects, the US-TbBMD value (mean±SD) was 0.169±0.063 g/cm 3 and that of US-EMTb was 3.409± 0.789 GPa. Correlation coefficients for US-TbBMD with pQCT-TbBMD, UD-BMD, and L-BMD were 0.834, 0.790, and 0.592, respectively. Those for US-EMTb with pQCTTbBMD, UD-BMD, and L-BMD were 0.675, 0.632, and 0.223, respectively. Correlation coefficients between pQCTTbBMD and UD-BMD, pQCT-TbBMD and L-BMD, and US-TbBMD and US-EMTb were 0.801, 0.608, and 0.757, respectively.
Fracture discrimination
Among the 89 enrolled subjects, 21 vertebral fractures were identified in 19 patients 51 to 78 years of age. There were significant differences between the two groups regarding age and body mass index. in QUS parameters were 0.226 and 0.171 for US-TbBMD and US-EMTb, respectively ( Table 2 ).
Discussion
In this study, two longitudinal transmitted waves, fast and slow waves, were observed, and the BMD and elastic modulus of trabecular bone were quantitatively formulated using these waves. In the ex vivo measurement, BV/TV was significantly correlated with SOFW, EMTb, and ASW. SOFW and EMTb showed moderate correlations with MILaθ, but other parameters such as ASW, SOSW, and AFW showed no relation to MILaθ. In the in vivo measurement, US-TbBMD values measured using pLD-100 were correlated well with BMD values determined by pQCT and DXA. US-TbBMD and US-EMTb, which are novel QUS parameters, were able to identify vertebral fractures.
Ex vivo measurement
It was reported that QUS values are associated with the bone structure, specifically with the orientation of the trabeculae independently from the association between orientation and BMD, as measured by dual-energy X-ray absorptiometry [11, 19, 26, 34] . In this study, MILaθ showed a correlation with SOFW and EMTb; in contrast, it exhibited a weak association with ASW, SOSW, or AFW. This indicates that SOFW and EMTb among the QUS values was the most dependent on the orientation of the trabeculae. This finding also supports the fact that fast waves propagated mainly through trabecular bone, which depends on the anisotropy of the trabeculae [17, 18, 27] , showing that SOFW is a useful parameter of QUS for the evaluation of trabecular bone structure. Regarding the correlation between QUS and the three-dimensional parameters, a previous study demonstrated that the ultrasound signal velocity and BUA were significantly correlated with BV/TV and SMI but not significantly correlated with the degree of anisotropy [11] . Based on these findings, new QUS parameters such as SOFW and EMTb reflect anisotropy better than the previous QUS parameters and provide new information. It was reported that both BMD and ultrasound velocity predicted the mechanical properties of bone with similar powers [35] . It is expected that elastic modulus (EMTb) calculated based on the fast wave (SOFW) may reflect the mechanical properties more accurately than the previous QUS parameters. Further studies are needed to compare the relationship between the mechanical properties of the bone and these new QUS parameters. Fast waves were not measured at the drill-hole regions or periphery of the specimen. BV/TV at the periphery was low (around 5%). Since SOFW decreases and AFW increases in low-bone-mass regions, fast waves were superimposed onto the slow waves, and this was probably the reason why fast waves were not obtained at the periphery of the specimen.
In vivo measurement QUS parameters of pLD-100, such as US-TbBMD and USEMTb, have been newly developed; US-EMTb is the same parameter a EMTb in ex vivo analysis that showed a close relationship to trabecular structures. US-TbBMD represents the actual quantitative density and became available through ultrasonic bone densitometry, separating the propagated ultrasonic signal into fast and slow waves. Therefore, the present study tried to evaluate these parameters by in vivo measurements.
This study demonstrated that these parameters at the distal radius were closely correlated with the trabecular bone density measured by pQCT. These findings show that QUS variables measured by pLD-100 are comparable to BMD values determined by pQCT, which cannot be evaluated by the previously developed QUS instruments. US-TbBMD showed a closer relationship with trabecular BMD by pQCT than UD-BMD by DXA. This implies that pLD-100 is more useful in evaluating trabecular bone mass at the measurement site than DXA instruments. Since US-EMTb is a parameter of the elasticity of trabecular bone, its correlation with BMD by pQCT was lower than that of US-TbBMD or UD-BMD. This is the first study to evaluate fracture risk using USTbBMD and US-EMTb. It was found that both QUS values were able to predict fracture as well as trabecular BMD measured by pQCT. The present findings suggest that these are potent and promising new parameters to predict fracture risk.
This study had several limitations. Firstly, the ex vivo measurement should be performed in the distal radius from cadavers, but it is difficult to obtain distal radii from cadavers in Japan. Thus, femoral heads were used. Since the main objective of this ex vivo measurement was to investigate the relationship between the three-dimensional and QUS parameters of trabecular bone, it was considered that the femoral head trabecular bone may be an acceptable substitute. Secondly, in the in vivo study, the number of the subjects was small, which could result in a sampling bias. Since ten of the 39 enrolled subjects suffered from degenerative spondylosis, this could have elevated the lumbar BMD values and caused a bias in ROC analysis. It is necessary to perform fracture risk studies with a larger number of subjects. Thirdly, bone mass measurements in the spine might be preferable for vertebral fracture risk prediction; however, it is technically difficult to apply QUS to the spine.
In conclusion, it was confirmed that bone densitometry utilizing this new technique, pLD-100, is applicable for relatively elderly persons with a low BMD. The values of trabecular bone measured by this newly developed QUS technique reflected three-dimensional structural information. The parameters evaluated in the present study are promising measures for the evaluation of bone structure and strength.
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